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Abstract. The materials used in the transport industry have been changing in 
the last decades. The traditional and heavy steel have been switching by the light 
alloys like aluminum alloys. However, despite their advantages as low density and 
high corrosion resistance, the manufacturing process, especially fusion welding, is 
very demanding and challenging. In the transport industry, most of the hyperstatic 
components made in aluminum alloys are welded manually with the associate 
financial costs as well as the lack of quality and repeatability. For these reasons, it 
is urgent to develop new methodologies to automate this process. The present work 
intends to show a scientific method to automate the welding process ofhyperstatic 
frames, very common in bicycles, made in aluminum alloy. This methodology 
involves two steps, the first one in which is performed numerical simulations to 
determine the optimal welding parameters to minimize the distortion and residual 
stresses. The second step is experimental one, and it is created an automated 
welding cell with a robot to weld the frames. It has been proved that it is possible 
to obtain welding aluminum frames with acceptable quality in agreement with the 
ASME IX standard. 
Keywords: Automation · Robotic · Welding · Numerical simulation · 
Optimization · Aluminum alloys 
1 Introduction 
The transport industry is one of the most critical sectors in the global economy, and any 
change in this sector has an impact on the costs of virtually all other economic areas. 
Due to the ever-higher energy prices and progressively more restrictive environmental 
requirements, there was a need, on the part of this industry, to adapt to a new reality. Thus, 
the different sectors of the transport industry have been adapted to the new requirements, 
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at different levels, ranging from the development of more efficient propulsion systems, 
commonly known as engines [1, 2] to the selection of lighter materials [3, 4]. 
The use of aluminum alloys in the transport industry has been growing, particularly 
in the light and heavy automotive industry, both in terms of structure [5] and sheet metal 
components [6]. According to the European Aluminum Association, the replacement 
of steel by aluminum alloys in vehicles allowed a 30% saving in energy consumption 
and a significant reduction in C02 emissions [7], this material also has the advantage 
of being fully recycled. Due to their low density and resistance to corrosion, these 
materials are also widely used in non-motorized vehicles, namely in bicycles [8] and 
whose use has grown significantly [9]. Despite all the listed advantages of aluminum 
alloys, there are some disadvantages compared to iron-carbonic alloys, namely the higher 
price, more demanding manufacturing processes in terms of quality control [10], more 
difficult welding junction processes [11, 12] and a lower fatigue life [13]. In the case 
of the transport industry, these limitations are more significant when welding structural 
elements such as chassis or bicycle frames. These elements correspond to hyperstatic 
structures with high rigidity that, associated with the residual stresses generated during 
the welding process, may cause cracking [14] or distortion of the structure [5, 14] and, 
in the case of no cracking or distortions, the level of residual stresses is so high that it 
will significantly decrease the fatigue life of these structures [15, 16]. 
Specific characteristics intrinsic to aluminum introduce difficulties for welding. The 
most important of these corresponds to the formation of a surface oxide layer, resulting 
from the reaction of aluminum with atmospheric oxygen. This film protects the metal 
against corrosion, but it also has a considerably higher melting point than the original A1 
element. Consequently, successful welding depends, in part, on the technique applied 
for the disintegration of this oxide layer, which will remain stable even after the melting 
of the aluminum [17]. 
In the case of MIG welding, the flow of the shielding gas over the consumable 
electrode removes the oxide from the melting bath. However, there are other essential 
limitations in the welding process for aluminum alloys used in the manufacture ofhyper-
static structures, the most relevant is the susceptibility to cracking in welding [17], the 
distortions and thermally induced stresses and post-weld heat treatment. 
Despite the difficulties mentioned above, it is possible to weld hyperstatic structures 
in aluminum alloys with conventional techniques (MIG or TIG), as long as chosen the 
appropriate welding parameters, the correct joint preparation, the fixation of the elements 
to be welded with the degree of adjusted stiffness and a welding sequence that limits 
distortion and residual stresses [18, 19]. However, it is only possible to accommodate 
all these parameters during the welding process; so, it is necessary to adjust and balance 
some of these elements. In contrast, welding is being carried out and, as such, requires 
that these processes be manual and depend on the qualification and sensitivity of the 
welder. Therefore, it is challenging to automate this process; accordingly, there is a 
need for an in-depth study and development for the automation of welding systems for 
hyperstatics structures made of aluminum alloys. 
The proposed approach to overcome the limitations of automated or robotic weld-
ing to weld hyperstatic aluminum alloy structures will be carried out in two distinct 
phases: numerical simulation using finite element programs dedicated to welding and 
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experimental tests with a welding robot based on an optimization method, Taguchi, to 
determine the optimal welding parameters for the type of welding under analysis. 
2 Numerical Simulation 
In the last decades, numerical simulation methods have been progressively replacing the 
performance of experimental tests in several manufacturing processes [20-23], which 
have higher costs and the time to prepare and perform the tests. Much higher than the 
computation time required to simulate the behavior of processed materials. In the case 
of welds, simulations must foresee distortions [23], residual stresses [24], and, in some 
cases, changes in the microstructure of the weld bead [25]. In these simulations, it is 
necessary to define the geometry of the elements to be connected, the welded materials, 
the welding parameters (current, voltage, travel speed, contact-to-work-distance), and 
the rigidity degree of the element's fixation. 
In this work was implemented a preliminary numerical simulation to minimize the 
residual stresses in welding of 6082-T6 aluminum alloy. To reach this goal, the Taguchi 
optimization method was used, determining which combination of parameters mini-
mizes the residual stresses in the 6082-T6 aluminum alloy. The welding parameters 
selected were the welding current, the torch angle, and the welding travel speed. For 
each parameter, three levels were used, combined in an 127 orthogonal array. The 27 
combinations established by the orthogonal array were simulated in SymufactWelding® 
software. After all, combinations were simulated, carried out the data treatment, reach-
ing the combination of levels for each parameter, which minimizes the level of residual 
stresses, as well as the most influential parameter in its appearing. 
In the work presented in this section, it was analyzed the influence of the essential 
welding parameters on the residual stress amplitude in the welding corner joint. For 
this, it was developed a Taguchi orthogonal array of tests, L27, where it is possible to 
combine different levels for the defined parameters. Table 1 shows the levels used for 
each parameter. 
Table 1. Welding parameters and levels. 
Nwnber Parameters Units Levels 
1 2 3 
1 Welding A 163 181 202 
current 
2 Welding travel rnm/s 10 13 16 
speed 
3 Torch angle 0 30" 45" 60" 
Based on the combination of parameters and levels defined by L27 array, were imple-
mented 27 simulations with the SymufactWelding® software, which uses the numeric 
model of double ellipsoid for distribution of energy transferred by the heat source to the 
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part. The previously experimental specimen (Fig. 1) calibrated the dual ellipsoid model 
and transversal section cord, which, in this case, was used as a robot. This measurement 
was performed with metallographic samples of the welding cord. 
Mter all simulations completed, the values of the maximum principal stress (MaxPS) 
were withdrawn at various points along the x-axis, Fig. 2. 
In each simulation are determined the maximum values of residual stresses. Analyz-
ing the obtained results was established by the combination that gives the less amount 
of residual stresses. So, for MaxPS combination which minimizes the residual stress is 
the welding current of 202 A, welding speed of 10 mm/s and a torch angle with 30°, on 
the contrary combination that maximize residual stress is the welding current of 163 A, 
welding speed of 16 mm/s and a torch angle with 60°. This data will be used as preliminary 
parameters in the experimental procedures. 
Fig. 1. Experimental specimen of a comer joint. 
Fig. 2. Line of reading of the MPS computed. 
3 Experimental Procedures 
Experimental methods are usually performed in controlled laboratory settings [26], 
although they can also be implemented in the field [27]. In the work developed within the 
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scope of this project, experimental tests were carried out in a laboratory with a controlled 
environment, which consisted of a robot with a welding apparatus and a fixation system 
for the parts (gig or gabarit). In addition to this base structure, it was used macrogra-
phy equipment to analyze the weld beads [28] and apparatus for dimensional control to 
measure distortions [29]. During this study, it was measured the residual stresses using 
the incremental hole method [30] or the contour method [31], and the internal defects 
were controlled with ultrasound [32]. Some mechanical properties of the welding were 
also determined [33], namely, the yield strength, the tensile strength, and the elongation. 
A significant part of the quality control elements of the welds is based on the ASME 
IX standard [34]. The experimental tests allowed us to determine the optimal welding 
parameters for obtaining good quality welds, in this sense and to reduce the number 
of tests, it was decided to use an optimization method widely used in quality control 
in the industry, called the Taguchi method [35, 36]. This method allows the definition 
of experimental test plans, where various combinations of welding parameters are indi-
cated. Between these combinations, it is possible to obtain the optimum value for a given 
control characteristic. The advantages of this method have popularized it in the defini-
tion of experimental test plans in various manufacturing processes [37, 38], namely, in 
welding [39, 40]. 
Before implementing the experimental tests, several Taguchi orthogonal arrays were 
created with different combinations of control factors and levels. For this purpose, eight 
factors were chosen (current intensity, travel speed, electrode wire speed, type of transfer, 
welding sequence, thickness of base material, base material and addition material) and 
the levels varied between 2 and 4 and were chosen, in a first phase, according to the 
database obtained in the numerical simulations. 
The experimental tests focused, primarily, on the welding of tubular hyperstatic trian-
gular structures, very common in bicycle frames. Figure 3 shows the type of hyperstatic 
triangular structure used in this project. 
Fig. 3. Welded tubular hyperstatic triangular structure. 
The selected aluminum alloy was the 6061-T6 alloy, which is the most common 
in the manufacture of bicycles. To carry out the experimental tests it was necessary 
to design and manufacture a system (gig or gabarit) that would guarantee, with high 
Welding Process Automation of Aluminum Alloys for the Transport Industry 77 
accuracy and repeatability, the positioning and fixation of the tubes to be welded. The 
tubes were always placed in the same position on the gig that is attached to a positioner. 
Several programs were carried out, according to the previously defined test arrays. After 
the first set of tests, it was found that some levels of parameters used resulted in a 
very high level of defects and that they were observed visually. In other cases, it was 
proved, in macrographic exams, that there were defects of incomplete penetration and 
undercut. This first evaluation made it possible to select new levels of parameters. The 
experimental tests were repeated, iteratively, to determine the optimal combination, in 
Fig. 4, it is possible to observe the assembly used in one of the welding tests performed. 
During the period of the experimental trials, more than two hundred welding tests were 
carried out (tubular triangles). As a result of these tests, some frames showed visible 
defects, that invalidated them immediately. In contrast, others were subjected to a set of 
destructive and non-destructive tests, defined by the standards mentioned above. 
Fig. 4. The set-up used in the experimental tests of welding. 
Non-destructive tests were carried out with ultrasound technology. The ultrasound 
device uses the "phase array" method, this new method allows a more global and accurate 
assessment in the detection of internal defects. Thus, a high number of welded joints 
was analyzed with this technology, and it determined that some of them contained pores 
inside and incomplete fusion, the frames that provided these defects were also rejected 
and evaluated, in greater detail, with macro graphic techniques. Some of the pictures that 
did not present internal defects were also subjected to macrographic analysis to assess 
the geometry of the cord. 
The destructive tests were performed to determine some mechanical properties of 
the welded joints and to assess the geometry of the bead or the occurrence of internal 
defects. This classification also includes the technique used to measure residual stresses, 
with the incremental hole method. For the mechanical characterization, the dimensions 
and geometry of the welded specimens follow the ISO 4136. The tensile strength of the 
joint was determined, as well as the location of the fracture. The test pieces were welded 
with the welding parameters of the frames that did not present unacceptable defects. 
The macrographic tests were carried out on welded joints of frames with defects 
detected in the ultrasound exams. The macro graphic tests allowed to evaluate the geom-
etry of joints, as well as, to observe and measure the heat-affected zone. It is possible, 
78 J. Ribeiro et al. 
also, to observe the most important detects like porosity, incomplete fusion and penetra-
tion, solidification structure, segregations, and, in some cases, it was possible to observe 
cracks after cooling. Figure 5 shows a macro graphic image of one of the analysed welded 
joints. 
Another factor that was analyzed to assess the quality of welded joints was residual 
stress. For the measurement of residual stresses, a classic method was used, which 
is widely used in industrial and academic environments, called the incremental hole-
drilling. For this method is used a special rosette of electric strain gauges in the center of 
which a small hole (diameter 0.6-1.8 mm) is made up to 1 mm deep, with an increment 
of 0.1 mm. The incremental hole-drilling method allows measuring with high resolution 
and accuracy the residual stresses installed in the welded joint. The measurements of 
residual stresses happened in welded joints without defects detected by the previously 
described techniques, and it found that the value of residual stresses lies between 30% 
to 60% of the yield stress of the base material. 
Fig. 5. Macrography of one of the joints analyzed in this work. 
In addition to the evaluation of welded joints mechanical characteristics, the bead 
geometry and defects, and the level of residual stresses, it was also measured the distor-
tions that occurred in the frame after welding and its removal from the gig. The distortion 
measurement was performed using a C-Track stereoscopic vision device, which uses the 
Metrolog Software, using the HandyProbe to capture control points. 
The statistical treatment was carried out using the technique of analysis of variance 
(ANOVA), in this report will be presented some results related to control factors more 
relevant to obtain quality welding. After several welding tests and analysis of results, 
it was found that the most critical welding parameters were the addition material (A), 
the current intensity (B), the thickness of the base material (C), the travel speed (D), 
and the speed of the electrode wire (E). For most welding parameters, three levels were 
considered, except for the addition material and, as mentioned above, only the two most 
suitable materials for welding 6061-T6 alloy. Considering the referred parameters and 
levels, the most appropriate Taguchi array is L18. 
After conducting the 18 tests (welding 18 frames), was carried out the quality control 
described above. Subsequently evaluating the results, was used the ANOVA technique 
to determine which parameters were most influential for each of the control factors 
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evaluated. This scientific article will present the analysis of variance for the most relevant 
control factor, which is distortion. Table 2 shows the ANOVA analysis for maximum 
distortion. 
Observing the Table 2 is possible to claim that the travel speed is the most influential 
welding parameter (29.46%) for the frame distortion follow by the addition material 
(20.44%). The least influential parameter is the current intensity with a contribution of 
2.22%. 
Thble 2. ANOVA analysis for maximum distortion. 
Sowce DF SQ MS F-Value Contribution (%) 
A 1 33.135 33.135 7.89 20.44 
B 2 3.607 1.804 0.43 2.22 
c 2 27.110 13.555 3.23 16.72 
D 2 47.764 23.882 5.69 29.46 
E 2 16.92 8.460 2.01 10.44 
Error 8 33.595 4.199 20.72 
Total 17 162.131 
4 Conclusions 
The presented work has implemented a methodology applied to automate with a robotic 
welding cell to weld hyperstatic bicycle frame of aluminum alloy. 
This methodology involved two phases, where the first step involved numerical sim-
ulations to minimize the distortion and residual stresses. Using this data as preliminary 
parameters were implemented in the experimental tests. 
For the numerical simulations was used the SymufactWelding® software to simulate 
the welding process in which the parameters were chosen after the implementation of 
the Taguchi method. It was simulated 27 combinations of welding parameters and levels. 
In the experimental procedures, a robotic welding cell was assembled to test different 
welding parameters to obtain a hyperstatic frame in aluminum alloy. The first values of 
welding parameters used in the experimental tests were based on the numerical simula-
tions. The experimental procedure also used the optimization method ofTaguchi, and the 
ASME IX standard indicated the quality parameters. So, were implemented destructive 
and non-destructive tests to qualify the quality of the welding frames. It was possible to 
obtain welding aluminum frames with acceptable quality in agreement with the ASME 
IX standard. 
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